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Abstract 
From the water balance analysis using Eagleson’s ecohydrological model in the non-humid regions of China, the 
allocation of evpotranspiration flux among canopy transpiration, surface interception, and bare soil evaporation is 
analyzed and the quantitative relationship between the vegetation and soil moisture is derived. It implies that change 
of vegetation coverage due to climate variation and human activity can be potentially predicted through the soil 
moisture change. Combination of the Budyko’s water-energy balance model and the Eagleson’s ecohydrological 
model is used for predicting the impact of climate and vegetation changes on the catchment water balance, which 
shows that the combined model has the capacity of capturing the regional soil-vegetation-atmosphere interaction, and 
is useful for assessing the long-term effect of vegetation changes on catchment hydrology, and hence it has 
implications to the water resources management in the non-humid regions of China. 
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ĉ.Introduction 
In arid and semi-arid regions, vegetation dynamics largely depend on soil water availability, which, in 
turn, results from a number of complex and mutually interacting hydrological processes. Hence 
vegetation restoration requires considering the soil water dynamics both in time and in space. How to 
manage water resources reasonably both in time and space is a major challenge for water managers in arid 
and semi-arid areas.  
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 Characterizing The Regional Soil-Vegetation-Atmosphere Interaction by the Eagleson’s Water 
Balance Model. Eagleson proposed a statistical-dynamic model for characterizing long-term average 
water balance during the vegetation growing season [1]. The average annual water balance model 
expressing the equilibrium relationship among soil, vegetation and climate is given as Eq. 1. The 
numbered dimensionless terms in Eq. (1) are: 1) the canopy moisture flux; 2) the space-time average 
surface-retained precipitation; 3) the seasonal climate carryover soil moisture storage; 4) the bare soil 
evaporation; 5) the surface runoff; 6) the deep percolation; 7) the capillary rise. Definitions of the 
parameters in Eq. (1) please refer to Eagleson’s work for more detail[1]. 
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 Analyzing Vegetation Impact On Regional Water Balance Using the Budyko’s Water-Energy Balance 
Model. In several previous studies, vegetation characteristics were neglected or considered using a fixed 
empirical parameter. Based on dimensional analysis and mathematical reasoning, Yang et al. derive an 
analytical equation of the coupled water–energy balance at an annual time scale [2]: 
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The parameter n reflects the catchment landscape characteristics. Yang et al. incorporated vegetation 
coverage into the empirical equation for estimating the landscape parameter n, and showed that estimation 
of the interannual variability of regional water balance could be improved by considering the interannual 
variability of vegetation coverage [3]. 
Objective Of the Present Study. In this study, we attempt to simplify the expression of the Eagleson’s 
water balance model for application to the non-humid regions of China, and analyze the allocation of 
evpotranspiration flux. It is expected to derive a quantitative relationship between the vegetation and soil 
moisture and analyze its spatial and inter-annual variability, which would be useful for predicting the 
change of vegetation coverage due to climate variation and human activity through the soil moisture.  
Study Area and Data 
The 97 catchments in the non-humid regions of China selected as the study areas (see Fig. 1) include 
30 catchments in the Hai River basin, 16 catchments in the Tibetan Plateau, and 51 catchments in the 
Loess Plateau region. All the catchments have relatively minor human interference such as reservoir and 
irrigation. 
The long-term meteorological data at totally 238 meteorological stations within the study area were 
provided by the China Meteorology Administration. Additionally, daily solar radiation data at 47 of these 
238 meteorological stations are available for the calculation of potential evaporation in this study. The 
1951~2000 monthly stream discharge data at the outlets of the 97 catchments were provided by the 
Hydrological Bureau of the Ministry of Water Resources of China.  
The catchment boundary is extracted by using the 1-km DEM for the estimation of the area-average 
hydroclimatic variables. The procedures for calculating catchment- average precipitation and potential 
evaporation include the following: 1) a 10-km gridded dataset covering the study area was interpolated 
from the station data by the distance-direction weighted average method (except the interpolation of 
temperature is modified with the altitude); 2) potential evaporation on a the daily time scale is estimated 
for each grid using the Penman equation; and 3) the catchment average values are then calculated for each 
variable[4]. 
1910   Weiwei SHAO et al. /  Procedia Environmental Sciences  10 ( 2011 )  1908 – 1913 
In this study, the vegetation growing season is assumed from the first rainstorm in April to the last 
rainstorm in September. The precipitation characteristics is expressed using the average rainstorm depth 
mh, the mean inter-storm duration mtb, and the number of independent rainstorms per season mv counted 
from the first rainstorm in April to the last rainstorm in September. During this period, a single rainfall 
event is identified whenever the accumulated rainfall amount is more than 1 mm.  
A global dataset of monthly NDVI (Normalized Difference Vegetation Index) from 1982 to 2000 with 
1-km resolution was obtained from the NOAA/AVHRR (Advanced Very High Resolution Radiometer). 
Monthly vegetation coverage was calculated from the NDVI data by using the method proposed by 
Gutman and Ignatov [5]. The growing seasonal mean vegetation coverage (M) is estimated using the 
average value of fc from April to September for each catchment. 
The observed soil moisture data of 420 stations over China was obtained from the Hydrological Bureau 
of the Ministry of Water Resources of China and China Meteorology Administration. In the following 
analysis, average soil moisture of the top 50cm depth from April to September of the catchments based on 
the Kriging interpolation is used as the soil moisture for vegetation root zone. 
 
Figure 1 Study areas in non-humid regions of China 
Table 2 summarizes the water balance components and the vegetation coverage characteristics for the long-term average of 
growing season in the 97 study catchments.  
Region P (mm) E0 (mm) R (mm) M 
the Hai River basin 450 713 40 0.52 
the Tibetan Plateau 292 670 56 0.35 
the Loess Plateau 392 685 23 0.36 
Table 2 The statistics of the water balance components and the vegetation coverage characteristics for the study area 
Analyzing relationship between the vegetation coverage and soil moisture using Eagleson’s model 
Correlation Analysis Betweent the Vegetation Coverage and the Meterological Factor. In Eagleson’s 
water balance model, the vegetation state variable MKv* is represented to be related to the meteorological 
factor (mh/mtbEps), which shows the vegetation growth is largely depend on the precipitation especially in 
the arid or semi-arid regions. According to the major vegetation type, the three regions will be discussed 
respectively. The seasonal mean potential evapotransporation E0, vegetation coverage M and the 
precipitation characteristics are used for analysis. The evaporation rate from a wet surface Eps is estimated 
from the daily potential evaporation rate E0 in the growing season using an average value from April to 
September. Since the potential canopy conductance Kv* is mostly depended on the plant types, it is 
considered as a constant for each sub-region due to similar plant species. A linear relationship between M 
and mh/(mtbEps) can be found for all the three study regions with correlation coefficients 0.59, 0.81, and 
0.81 in the Hai River basin, the Tibetan Plateau, and the Loess Plateau, respectively. It indicates that the 
growth of vegetation is mainly controlled by the climate condition; vegetation coverage in a relatively 
wetter environment tends to be denser in the study areas.  
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Simplification of Eagleson’s Model and Application to the Non-humid Regions of China. In the study 
catchments the groundwater table is deep; the deep percolation or recharge volume is small. Therefore, 
the deep percolation and capillary rise in Eq. 1 can be neglected. The seasonal climate carry-over soil 
moisture storage in Eq. 1 indicating the difference of the soil moisture storage between the beginning and 
the end of the growing season can also be neglected because of the non-seasonal climate in the study 
areas. However, the bare soil evaporation should be considered due to the sparse vegetation coverage in 
these regions. Competition between plant transpiration and bare soil evaporation is the main driving 
mechanism of the long-term soil-vegetation dynamics. For the study areas, Eq. 1 can be simplified as: 
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The numbered dimensionless terms represent: 1) the canopy moisture flux (the vegetation 
transpiration); 2) the space-time average surface-retained precipitation (the canopy and soil interception); 
3) the bare soil evaporation; 4) the surface runoff. Note that the original bare soil evaporation item in 
Eq. 1, (1-M)mtb”Epsȕs is replaced by (1-M)mtbEpsf(ș); here a simplifications is adopted: that is using the 
soil moisture function (f(ș)) to replace the soil moisture parameter ȕs. The original surface runoff term in 
Eq. 1 is replaced by R/mv, where R is the average runoff depth in the growing season. For simplification, 
it is assumed that the difference among mtb (mean time between rainstorm), mtb’ (mean inter-storm time 
available for transpiration), and mtb” (mean inter-storm time available for bare soil evaporation) can be 
neglected. When calculating for the non-humid regions of China, the potential canopy conductance kv* is 
chosen as constants (see Table 3) for each study regions according to the major vegetation species based 
on Eagleson’s study. The water balance components in Eq. 3 are estimated as following: 
(1) The canopy transpiration: the vegetation coverage from the catchments use the average value of the 
growing seasons during 1982 to 2000 derived from NDVI data. Expression of the canopy transpiration 
efficiency ȕv is simplified as Eq. 4, ts’ is the time during which the vegetation transpires referring 
Eagleson’s work [1]:  
                         )1exp(1)/'exp(1 | 
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ts’ is the time during which the vegetation transpires referring Eagleson’s work [1].  
Table 3 The major soil types, vegetation species and the empirical parameters. 
(2) The surface-retention of precipitation during the growing season expresses the interception of 
precipitation by both bare soil and the vegetated area. Eagleson gives the analytical expression as:  
Region Major soil types Major vegetation species vk
 
K
 
E
  
The Hai 
River 
basin 
Brunisolic soil; Drab soil Oak tree; birch; Stipa capillata 0
.80 
2
.5 
0
.6 
4
The 
Tibetan 
Plateau 
Mild clay; Silt; Apline 
meadow soil; Calcic 
chernozem; Grey 
cinnamonic soil 
Alpine meadow; Subalpine 
Prairie; Tamarix chinensis; 
Nitraria tangutorum; Populus 
euphratica 
0
.60 
2
.5 
0
.6 
3
The 
Loess 
Plateau 
Silt loam Chinese pine; Black locust; 0
.70 
2
.5 
0
.6 
4
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where Ș0 is the ratio of wetted leaf perimeter to leaf chord. The Lt is the foliage area index, Ș0 Lt 
expresses the fraction of total foliage area retaining precipitation. The parameter ȕ is the momentum 
extinction coefficient, which means the cosine of angle leaf surface makes with horizontal.  
(3) The bare soil evaporation term: the soil moisture function (f(ș)) is represented as a simple linear 
function of the volumetric soil moisture content in the root-zone (ș).  
(4) The runoff term of R/mhmv can be estimated from the long-term average growing seasonal runoff 
depth from the observed discharge data and the statistic precipitation parameters  
  Spatial Pattern of the Long-term Average Vegetation Coverage and Soil Moisture. The long-term 
average volumetric soil moisture content for each catchment in the non-humid regions of China can be 
derived. It is found there is a significant positive linear correlation between the estimated volumetric soil 
moisture content in the root-zone ș and the observed volumetric soil moisture content derived from the 
saturation degree data with the correlation coefficient R=0.68 and RMSE= 0.02 for the Hai River basin, 
R=0.83 and RMSE =0.06 for the Tibetan Plateau, and R =0.64 and RMSE =0.04 for the Loess Plateau. It 
would helpful for the prediction of the soil moisture state from the vegetation state variables. The 
relationship between the long-term average vegetation coverage (M) and the estimated average 
volumetric soil moisture content (ș) in the root-zone during the growing season can also be explored for 
the 97 study catchments. The positive correlation indicates a increment of the regional soil moisture 
content is the potential way to improve the local vegetation coverage in the non-humid regions of China.  
  Inter-annual Variation of the Average Vegetation Coverage and Soil Moisture. The simplified water 
balance model can also be used to analyze inter-annual variation of the soil moisture content in each 
catchment. Based on the simulation for the growing season in each year, the inter-annual variability of the 
volumetric soil moisture content for the growing season can be estimated for each catchment based on the 
remote sensing obtained vegetation coverage data. It is found the inter-annual variation of theses two 
variables are in agreement. It is also found that the simulated soil moisture is highly consistent with the 
observed soil moisture in all study catchments, the correlation coefficients are generally larger than 0.70. 
It implies that it is possible to predict the soil moisture variation based on the vegetation coverage, and 
vice versa.  
Analysis by combination of the Eagleson’s model and the Budyko’s model 
From the simplest form of the Eagleson’s model, the vegetation coverage can be written as a function 
of the climate factor (mh/(mtbEps) or P/E0). For the study areas, the vegetation coverage (M) can be given 
as the following formulae: 
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This equation can be used for predicting the change of vegetation coverage according to the variability 
of climate (the precipitation and potential evaporation). The landscape parameter n can be estimated, and 
then the catchment actual evapotranspiration can be estimated. By this way, through combining the 
Eagleson’s model and the Budyko’s model, the change of the catchment water balance due to the climate 
and vegetation variability can predicted. Taking the Hai River basin for example, the new climate-
vegetation-water cycle prediction model would be as following: 
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In order to validate this combined model, annual values of the catchment actual evapotranspiration are 
estimated for the catchments in the non-humid regions of China.It showed the comparison of the 
simulated long-term average value of the catchment actual evapotranspiration with the observed value in 
the study catchments. This good result with R2=0.95 and RMSE=26.9 mm/yr shows that the combined 
model is potentially useful for predicting variability of the catchment water balance due to the climate and 
vegetation variability. 
Conclusion 
Based on the catchment ecohydrological model developed by Eagleson, from the water balance 
analysis for the vegetation growing season, the allocation of evpotranspiration flux among canopy 
transpiration, surface interception, and bare soil evaporation is analyzed. The relationship between the 
mean seasonal vegetation coverage and the soil moisture content derived through the Eagleson’s water 
balance analysis could be used for predicting the change of vegetation coverage due to the climate 
variability and human activity through the change in soil moisture. Coupling the Budyko’s water-energy 
balance model and the Eagleson’s ecohydrological model, a combined model was developed and 
validated to be useful for predicting the impact of climate and vegetation variability on the catchment 
water balance. 
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